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While polymorphism is a wide spread phenomenon, the number of reported polymorphic co-crystals
is still very limited. Here we report the synthesis and structural characterisation of such a rare case of
polymorphism with a co-crystal of benzoic acid (HBz) and sodium benzoate (NaBz). Flash
evaporation yielded a new polymorph of this ionic co-crystal with a stoichiometry of 2 HBz?1 NaBz.
The thermodynamic relationship between the known and the new polymorph was determined to be of
enantiotropic nature. At room temperature, this new form B is metastable. While the known form A
is composed of one dimensional tapes, form B is built from infinite rods. The coordination sphere of
sodium, however, in both forms is octahedral and the packing around it is dense.
Introduction
According to McCrone’s definition, polymorphism is the ability
of a solid material to be crystallised in at least two crystalline
forms.1 Polymorphism has gained great interest in the last
decades, mainly for two reasons.2–6 On one hand different
polymorphs exhibit different physicochemical properties like
melting point, moisture sorption tendency, chemical stability,
compressibility, processability, and solubility.7,8 On the other
hand different polymorphs of the same material can often be
protected by patent and therefore are of crucial economic
importance.9 The origin of polymorphism can be classified into
two categories. Firstly identical molecular moieties may be packed
into different periodic crystal structures. Secondly molecular
moieties with rotational degrees of freedom may adopt different
conformations in solution that lead to distinct packings in the
crystal. The first is called packing polymorphism and the second
conformational polymorphism.10 In most polymorphic systems a
mixture of both forms occurs concomitantly.
For similar reasons as polymorphs, recently co-crystals
have received increasing attention in the field of crystal
engineering.11–13 These are built up by at least two components
which are solid under ambient conditions. Nevertheless, co-
crystallisation influences the same before mentioned properties,
just like with different polymorphs.14,15 Very few examples of
ionic co-crystals or hybrid salt co-crystals, where a metal halide
is co-crystallized together with an organic co-crystal former,
have been reported.16–18
Because of the economical importance of both polymorphs
and co-crystals, the number of characterised polymorphs
(y2050) and co-crystals (y3650) increases steadily.
Interestingly, the number of reported polymorphic co-crystals
(y50) is still minute.19 Here we report such a rare case of
polymorphism with co-crystals.
The relative stability of two polymorphs depends on the
difference in Gibbs free energy. The thermodynamically stable
form at fixed temperature and pressure has the lowest Gibbs free
energy, while others are metastable in respect to this. Especially in
the pharmaceutical industry the metastable form can often be
favourable, because of its higher solubility and therefore higher
bioavailability. Despite this, intentional and systematic crystal-
lisation of metastable forms remains very difficult because
nucleation is not well understood. The best working rule of thumb
is summarised in Ostwald’s step rule suggesting that high super-
saturations might induce crystallisation of metastable polymorphs.
Reproduction of known metastable polymorphs is no less
complicated than detection of new polymorphs because frequently
crucial crystallisation parameters were not recognised nor docu-
mented.20 Moreover, crystallisation of phase-pure metastable
compounds is frequently hampered by secondary nucleation of
more stable polymorphs followed by (partial) solution-mediated
transformation. For instance, in this line, all metastable forms of
the first molecular polymorphic system mentioned in the literature,
benzamide, are obtained as mixtures, and as many as three
concomitantly crystallising polymorphs have been reported.21–24
Following Ostwald’s step rule, fast evaporation has been
extensively used to create high levels of supersaturation to form
metastable polymorphs. For instance, Bag et al. described the
use of a rotary evaporator, while Williams et al. and Breu et al.
quickly evaporated warm solutions by a flow of nitrogen.25–28
Since the method used here provides even higher evaporation
rates and thus higher supersaturations, we refer to it as flash
evaporation (details experimental section).
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Recently we investigated the influence of stoichiometry for the
co-crystallisation of benzoic acid (HBz) with sodium benzoate
(NaBz).29 In the course of these investigations, we now obtained
a new metastable form of the ionic co-crystal 2 HBz?1 NaBz.
Results and discussion
The metastable form B of the co-crystal 2 HBz?1 NaBz was
obtained according to Ostwald’s rule by generating high super-
saturations and applying flash evaporation of the solvent.25 Very
high evaporation rates of a solution containing the two co-
crystal components may be achieved using a solvent with low
boiling point and relatively high vapour pressure. In that respect,
methanol is a good choice having a boiling point of y64.7 uC
and a vapour pressure of 144.55 kPa at 75 uC (calculated with the
Antoine constants of methanol).30 Form A of 2 HBz?1 NaBz was
obtained by slow evaporation of an ethanol–water (4 : 1/ v : v)
solution over three days. Contrary to this, flash evaporation of a
boiling solution in pure methanol on a hot plate yielded crystals
which already differ significantly in crystal morphology from the
known co-crystal of form A (Fig. 1). For details of the
crystallisation see experimental section. Despite the rough and
fast crystallisation we obtained single crystals of sufficient
quality for structure determination. At room temperature,
crystals of form B deteriorated within 24 h hours. Even at
2100 uC the total time available for data collection was limited
by the stability of form B. Although the best data set available
was relatively weak due to the limited size and stability, we were
nevertheless able to determine the crystal structure of form B of
the co-crystal 2 HBz?1 NaBz which will be discussed and
compared to form A in the first part of this publication. In the
second part it will be shown that this new polymorph is
metastable at room temperature compared to the known form A
and that the phase transition is of the enantiotropic type.
The crystal structure of form B of the co-crystal 2 HBz?1 NaBz
Crystal structure solution and refinement turned out to be
straightforward, although in the light of the limited stability and
crystal sizes available of form B, optimum data collection was a
compromise between data completeness and signal to noise ratio.
Table 1 shows the crystallographic data for form B of the
2 HBz?1 NaBz co-crystal, while the asymmetric unit is shown in
Fig. 2. The packing and its construction from building units is
shown in Fig. 3. While form A is built from one-dimensional
tapes of dimers, the crystal structure of form B is composed of
rods (Fig. 3a). Each rod is surrounded by six neighbouring rods
in an approximately hexagonal array. Much similar in both
forms, between the tapes in form A and the rods in form B, van
der Waals forces and p–p-stacking motifs are the main
interaction forces. As clearly evident in the projection along
the a-axis, the molecular packing in form B contains classical
Fig. 1 Light microscopy images of the two polymorphic forms of the
co-crystal 2 HBz?1 NaBz. Form A, the thermodynamically stable form at
room temperature is shown on the left, form B on the right side. Crystals
of form B grow in a rose-like fashion, while form A crystallises in large
prisms.
Table 1 Crystallographic data for the co-crystal 2 HBz?1 NaBz
Form B (173 K) Form A (173 K)
Formula C21H17NaO6 C21H17NaO6
Formula weight 388.34 388.34
T/K 173(2) 173(2)
Crystal system Triclinic Monoclinic




a (u) 109.97(3) 90
b (u) 100.51(3) 97.18(3)
c (u) 103.88(3) 90






Refln (all/ind) 3576/1209 3466/2140
R1/wR2 (obsd data: F
2 . 2s(F2))a 0.0461/0.0920 0.0411/0.0983
R1/wR2 (all data)
a 0.1309/0.1643 0.0723/0.1173
Largest residual/e Å23 0.235 0.224
a R1 = (||F0| 2 |Fc||)/S|F0|; wR2 = [Sw(|F0| 2 |Fc|)
2]/Sw(F0)
2]1/2.
Fig. 2 ORTEP plot and the crystallographic numbering scheme of the
asymmetric unit for form B of the co-crystal 2 HBz?1 NaBz.
Displacement ellipsoids are drawn at the 50% probability level. Please
note that both sodium cations reside on special positions (Wyckoff sites
1d and 1a for Na(1) and Na(2), respectively).





















































four-fold phenyl embraces31 at the centre of the unit cell, around
the inversion centre at 0, 0.5, 0.5. In addition, there are oblique
edge-to-face (T-shaped) interactions between pairs of phenyl
groups across a point near 0, 0.25, 0.5. The p–p interaction
distances between adjacent phenyl rings (Fig. 2c), in form B are
4.04(5) Å (C(9)–C(14)) and 4.55(7) Å (C(16)–C(21)), respectively.
These are much longer compared to distances in form A (3.83(8)
Å and 3.92(2) Å). A side view on the rod shows that Na(1) and
Na(2) reside, as expected, in a strongly distorted octahedral
coordination (see Fig. 3b, Fig. 4 and Fig. 5). A space filling
model (Fig. 3c) highlights that the packing in the rod is dense,
similar to form A.
In form A, two octahedra are connected via a shared edge and
then these dimers form infinite tapes running into the plane of
the paper via bridging carboxylic/carboxylate groups (for details
see ref. 29 and (Fig. 4a). In form B, however, each octahedron
shares two edges with two adjacent octahedra resulting in infinite
rods running from left to right (Fig. 4b and Fig. 5). Tapes of
form A and rods of form B are compared in Fig. 5. The different
Na–O distances in form A and form B are shown in Fig. 4.
In form B only carbonyl oxygens of carboxylic acid groups
(HBz), displayed in orange (O(1), O(6)), are involved in all
shared edges. All HBz molecules therefore act as monodentate
ligands. Contrary to this, the carboxylate groups (NaBz),
displayed in red (O(3), O(4)), act as bidentate ligands occupying
apical positions of adjacent octahedra (Fig. 5) which causes
strong tilting of the neighbouring octahedra. The pending, free
hydroxyl oxygens (O(2), O(5)) reinforce the chain by forming
H-bonds (Table 2) to adjacent NaBz (Fig. 5).
IR-spectra of both polymorphic forms are compared in Fig. 6.
In line with the quite different intermolecular arrangements and
packing modes of both forms, the spectra differ significantly.
Packing polymorphism versus conformational polymorphism.
HBz and NaBz are quite simple molecules having only one
torsional degree of freedom, suggesting that polymorphism is
mostly related to packing and less to torsional degrees of
freedom. As discussed, the packing motifs of form A and B differ
significantly. A closer look, however, reveals that the torsion
angles also are quite different. Strong variations are observed
between different moieties within a given form but also between
the two forms (Table 3). Therefore, the intramolecular energies
will have some contributions to the lattice energies and even with
this simple molecule a mixture between packing and conforma-
tional polymorphism is found.10
Thermodynamic relation between form A and B
To elucidate the thermodynamic relation between the two
polymorphic forms, we carried out several additional experi-
ments and performed theoretical calculations.
DFT calculations. In order to determine the energetically more
stable form we carried out geometry optimisations for both
forms applying density functional theory with semi-empirical
dispersion correction (DFT-D).32,33 DFT-D level was used
because it is well known that at the DFT level of theory
dispersion energies are underestimated and the ranking of many
organic crystals was found to be in error.34 The crystal structures
as determined by single crystal refinements using data collected
at 173 K were optimised applying the Broyden–Fletcher–
Goldfarb–Shannon algorithm.35 The lattice parameters were
included into the optimisation and the space group symmetry
was taken as P1. The total energies of form A and B as obtained
for the DFT-D relaxed geometries are summarised in Table 4.
The calculation implies that at 0 K form B is metastable by as
little as 0.08 kJ mol21. Considering that entropy effects are
neglected, the ranking of the two forms cannot be determined
reliably based on DFT-D calculations.
Fig. 3 Molecular packing of form B of the co-crystal 2 HBz?1 NaBz of
HBz with NaBz. (a) Approximately hexagonal packing of rods running
along the a-axis. (b) Side view on one of these rods. Coordination bonds
are dashed in black and hydrogen bonds are dashed in blue. (c) Space
filling model of the rod.





















































Solution mediated transformation. To experimentally determine
the thermodynamic ranking at room temperature, we filled a 1 : 1
ratio of both forms into a capillary, which was then soaked with
ethanol, sealed, and mounted on a powder diffractometer equipped
with a fast and high resolution detector. Within 40 min form B is
completely transformed into form A (Fig. 7) at room temperature
which unequivocally proves form B to be metastable at this
temperature. This ranking is in agreement with the density rule,
since both experimental and theoretical densities (DFT-D) of form A
are higher than the densities of form B (A: 1.387 g cm23 (173 K)
and 1.450 g cm23 (0 K, DFT-D); B: 1.326 g cm23 (173 K) and
1.386 g cm23 (0 K, DFT-D).
While the solution-mediated transformation is also in line with
the total energies obtained in the DFT-D calculations, it delivers,
however, no information on the nature of the transformation
(enantiotropic or monotropic).
Burger introduced several rules to determine the thermody-
namic relation in polymorphs.36 One of the most important
rules, the heat-of-fusion rule could not be applied because
reliable DSC measurements are not feasible. Because both
Fig. 4 Coordination spheres of sodium in form A and B of the co-crystal 2 HBz?1 NaBz. Oxygen atoms belonging to carboxylic groups (HBz) are in
orange, while oxygen atoms belonging to carboxylate groups (NaBz) are in red. The Na–O distances show the strongly distorted octahedral
coordination in both forms (both measured at 173 K). The distances in form B are longer compared to the thermodynamically stable form A at room
temperature.
Fig. 5 Comparison of the connection of octahedra in form A and B of
the co-crystal 2 HBz?1 NaBz. For clarity reasons, phenyl rings of HBz
and NaBz are not shown. Hydrogen bonds are dashed in blue. (a) One-
dimensional tape of edge-sharing octahedra in form A. (b) Infinite rods
of edge-sharing octahedra in form B.
Table 2 Summary of intermolecular interactions (D–H…A; Å, u)
operating in the crystal structure of form B of the co-crystal 2 HBz?1
NaBz
D H A H…A/Å D…A/Å \(DHA)/u Symmetry operation
O(2) H(2) O(3) 1.73 2.551(4) 174.7 x, y, z
O(5) H(5) O(4) 1.74 2.558(5) 178.7 x + 1, y, z
Fig. 6 IR spectroscopy of the two polymorphs of the co-crystal 2 HBz?1
NaBz. The black trace corresponds to form A and the red trace to the
metastable form B. Because of the different packing the differences are
obvious.
Table 3 Comparison of the torsional angles (u) in form A and B
Form A Form B
HBz 1 6.18 (O1–C1–C2–C7) 0.45 (O2–C1–C2–C7)
8.30 (O2–C1–C2–C3) 2.19 (O1–C1–C2–C3)
HBz 2 2.54 (O6–C15–C16–C17) 14.67 (O5–C15–C16–C17)
6.53 (O5–C15–C16–C21) 18.13 (O6–C15–C16–C21)
Bz2 11.83 (O3–C8–C9–C14) 27.52 (O4–C8–C9–C14)
12.14 (O4–C8–C9–C10) 29.40 (O3–C8–C9–C10)





















































polymorphs readily loose benzoic acid upon heating we refrained
from determining melting enthalpies.
Flammersheim referred to a ‘‘high-temperature’’ modification
in his work.37 He claimed that 2 HBz?1 NaBz of form A
undergoes a phase transition into a ‘‘high-temperature’’ form
upon heating the crystals to 120 uC. But he also mentioned severe
problems caused by sublimation.
For this reason we attempted a solid–solid phase transition of
a large crystal of form A in a gas-tight sealed quartz-capillary.
The capillary was annealed for one day at 110 uC. Fig. 8 shows
light microscopy images of a single crystal before and after the
annealing. PXRD of the annealed crystal indicates a complete
transformation of form A into form B. As suggested by the
opaqueness of the annealed crystal, the transformation did not
occur single crystal to single crystal but a microcrystalline
powder was obtained. Phase purity was verified by performing a
Pawley refinement using TOPAS38 of the unit cell parameters
(Fig. 9). Thus, the thermodynamic relation of form A and B can
be assigned as enantiotropic. Comparing a list of d-values
published by Flammersheim for the ‘‘high-temperature’’ mod-
ification (Table 5), this modification appears to be identical to
form B.
Experimental
NaBz (purity ¢99.0%) and HBz (purity .99.5%) were
purchased from AppliChem. Methanol was sourced from
Sigma-Aldrich. All chemicals and solvents were used without
further purification.
PXRD traces were recorded using a STOE STADI P (CuKa1
radiation, transmission geometry) diffractometer equipped with
a DECTRIS Mythen 1 K silicon strip detector. The samples were
filled in capillaries (diameter 0.5 mm and 2.0 mm). Single-crystal
X-ray diffraction data were collected using a STOE IPDS I
instrument (293 K, MoKa radiation). Selected crystallographic
data are listed in Table 1. The crystal structure was solved and
refined using SHELXTL 5.1 (Bruker AXS). All figures were drawn
with the DIAMOND programme. IR spectroscopy was performed
Table 4 Summary of the CASTEP geometry optimisation. The devia-
tion of the optimised structure parameters as compared to the
experimentally determined crystal structures at 173 K are given in
brackets
Form Lattice parameters DE (kJ mol21)
A a/Å 5.770 (21.21%) 0
b/Å 14.331 (21.16%)
c/Å 21.621 (22.33%)
a (u) 90.00 (0.0%)
b (u) 95.85 (21.37%)
c (u) 90.00 (0.0%)
V/Å3 1778.5
B a/Å 6.912 (0.30%) +0.08
b/Å 11.624 (23.79%)
c/Å 13.169 (21.52%)
a (u) 107.80 (21.98%)
b (u) 99.98 (20.53%)
c (u) 105.82 (1.87%)
V/Å3 930.5
Fig. 7 Solution mediated transformation of a mixture of form A and B
at room temperature (slurry with ethanol). The red trace corresponds to
pure form B and the green trace to pure form A. The black traces
correspond to the slurry of the mixture of form A and B measured after
different time intervals.
Fig. 8 Light microscopy images of the enantiotropic phase transition of
the co-crystal 2 HBz?1 NaBz. On the left side a large single-crystal of
form A, which is the thermodynamically stable form at room
temperature, was put into a capillary. The capillary was sealed and
heated to 110 uC for one day. After heating the large single crystal of
form A transformed into many small micro-crystallites. These can be
assigned as crystallites of form B by powder diffraction.
Fig. 9 Pawley refinement (applying TOPAS38) of unit cell parameters of
form B of the co-crystal 2 HBz?1 NaBz obtained by annealing a single
crystal of form A at 110 uC. All reflections can be indexed by the unit cell
parameters showing phase purity and complete conversion of form A
into B (Rwp = 6.248; zero point = 20.026(4)u 2 Theta; a = 6.9065(5) Å; b
= 12.2522(7) Å; c = 13.4431(7) Å; a = 111.346(5)u; b = 101.121(5)u; c =
101.953(6)u)





















































on a PerkinElmer Spectrum 100 FT-IR spectrometer working with
the UATR (universal attenuated total reflectance) technique.
The DFT-D calculations were carried out using the CASTEP
code.39 The generalised-gradient approximation (GGA) with the
Perdew–Burke–Ernzerhof (PBE) functional was used.40 A plane-
wave basis set with an energy cutoff of 900 eV was applied and
the core electrons were represented by pseudopotentials. For the
geometry optimisation the convergence tolerances of energy,
maximum force, maximum displacement were 2.0 6 1025 eV per
atom, 5.0 6 1022 eV Å21 and 1.0 6 1023 Å, respectively. The
allowed stress tolerance was 0.1 GPa.
Flash evaporation crystallisation
Single crystals were obtained from a solution of 2.442 g (20.00 mmol)
HBz and 1.441 g (10.00 mmol) NaBz in 15 ml methanol. This
mixture was heated to 65 uC, until all starting material was dissolved.
Afterwards y3 ml of the hot solution were spread on a heated
(y75 uC) crystallising dish (Ø y 15 cm). Within seconds methanol
evaporates and colourless crystals can be observed (see Fig. 1).
Conclusions
The thermodynamic relationship between the two polymorphs of
the ionic co-crystal 2 HBz?1 NaBz was determined to be of
enantiotropic nature with a transformation temperature below
110 uC. At room temperature, form B is metastable. While form
A is composed of one-dimensional tapes, form B is built from
infinite rods. The coordination sphere of sodium, however, in
both co-crystals is octahedral and the packing around it is dense.
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